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Hardware components and software modules were configured to enhance the automation,
efficiency, and reliability of a commercial open access atmospheric pressure ionization mass
spectrometry (API/MS) system for flow injection analysis. The data massaging module is a
versatile package for data manipulation/reduction which is initialized upon detecting the end
of data acquisition and can function in parallel during the data acquisition of the next sample.
The data interpretation module compares the ions in the acquired mass spectrum with the
predicted molecular adduct ions in different charge states, as well as the predicted isotopic
distributions, possible artifact, polymer/cluster, byproduct/fragmentation ions, and then uses
the results to score the quality of the spectrum. The e-mailing module transmits the spectrum
and interpretation report to the desktop computer of the submitting chemist where the
spectrum can be displayed and the report viewed. A scheme is also presented for the
automated interpretation of an API mass spectrum for the determination of the most likely
molecular weights of the components present in an “unknown” sample. Related flow
diagrams, algorithms, and applications are illustrated. (J Am Soc Mass Spectrom 1999, 10,
1174–1187) © 1999 American Society for Mass Spectrometry
In recent years, a growing number of analytical massspectrometry laboratories in the pharmaceutical in-dustry have made great advances to achieve reliable
high throughput analysis of samples originating prin-
cipally from synthetic, combinatorial, and screening
chemists. This became possible with the advent of
electrospray ionization mass spectrometry (ESI/MS)
and atmospheric pressure chemical ionization mass
spectrometry (APCI/MS), as well as, with the availabil-
ity of reliable, sensitive, and simple API mass spectrom-
eters. These developments coincide with the prepara-
tion of large numbers of compounds by pharmaceutical
discovery chemists for drug screening and for optimiz-
ing structure-activity relationships (SAR). As a result of
these events, mass spectrometry laboratories are be-
coming more and more automated to rapidly analyze
large numbers of samples by flow injection analysis,
with the aide of HPLC autosamplers, either in the batch
mode or by open access mass spectrometry [1–3]. Es-
sentially, for open access mass spectrometry, complete
descriptors of the samples and mass spectrometry anal-
ysis methods are entered into the data system, the
samples are then queued in a high-performance liquid
chromatography (HPLC) autosampler and eventually
injected into the mass spectrometer to automatically
produce the corresponding mass spectra. The ESI
and/or APCI mass spectra generally contain molecular
ion information about the desired products, reactants,
reagents, byproducts, and solvents used to prepare the
samples and even occasionally fragment ions as well. In
our laboratory, commercial open access mass spectral
data systems have been in operation for sometime
which successfully generate in a timely fashion large
numbers of spectra for the requesting chemists. How-
ever, there is a growing demand by the chemists for
even greater efficiency and productivity of mass spectra
with the instrumentation. This was resolved by hard-
ware and software enhancements to the existing com-
mercial open access data system. A number of software
modules for manipulating acquired mass spectral data
were written, utilizing commercial compiler, spread-
sheet, and communication software packages, which
were integrated into the data system of the open access
mass spectrometer. These modules are capable of auto-
matically and rapidly massaging, processing, interpret-
ing, and e-mailing the mass spectral data. To implement
these modules, a number of standalone computers were
networked with the open access mass spectrometer data
system.
Other workers have produced modules for improv-
ing data acquisition automation [4] and for processing
mass spectral data to characterize components from
combinatorial libraries [5–8] and HPLC/MS compo-
nents [9, 10]. We have taken a global view for enhancing
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throughput by providing high quality spectra through
more efficient data processing, improved sample turn-
around time, and the e-mailing of spectra together with
data interpretation reports to the requesting chemists.
The details of our automation package for high
throughput open access mass spectrometry for flow
injection analysis are described below.
Experimental Methods
Hardware and Network Implementation of the
Software Modules
The flow of data through the corporate network from
acquisition to the submitting chemist is illustrated in
Figure 1. The whole system is built around Micromass
Platform II mass spectrometers equipped with the Mi-
cromass MassLynx managing and processing software
and Micromass OpenLynx open access managing soft-
ware. The mass spectrometers operate in the ESI, APCI,
or mixed APCI/ESI [11] modes, using cross-flow or
“pepper pot” counterelectrodes, and are equipped with
Hewlett-Packard 1100 HPLC systems and Hewlett-
Packard 1050 Autosamplers. The carrier solvent is typ-
ically 1:1 water:acetonitrile (ACN) with 0.025% formic
acid (FA) at a flow rate of 50–100 mL/min. Samples are
analyzed by the flow injection analysis mode without
the use of an LC column. The compounds used in
model studies (chlorothiazide [MW 295], dibromoty-
rosine [MW 337], dicloxacillin [MW 469], reserpine
[MW 608], polyethylene glycol [PEG, MWn ;400], and
dioctylphthalate [DOP, MW 390]) were purchased from
Aldrich Chemical and were used as received. Raw data,
acquired on the mass spectral acquisition computer, are
sent by Program I (STARTMAC) to a standalone com-
puter. Program II (EMAIL), residing on the standalone
computer, senses the incoming raw data and activates
the data massaging program (MS_SETZ) as well as the
data interpretation program (INTERPMASS). Upon
completion of the data massaging and interpretation
processes, Program II saves the processed data and the
interpretation report into a text file. Program III
(SENDMAIL), residing on a second standalone com-
puter, attaches the text file to an e-mail message which
is transmitted by Novell GroupWise to the submitting
chemists via the corporate intranet. Residing on the
desktop computer of each submitting chemist is a
Microsoft Excel displaying module (DISPLAY_NEW)
which transforms the text file into a mass spectrum
together with the associated interpretation report.
Software Features
All software modules were written in Microsoft Visual
Basic except the displaying module which was written
using the Microsoft Excel macro language.
Data massaging module. This versatile package for au-
tomated data manipulation/reduction is activated
upon detecting the completion of data acquisition at the
mass spectrometer. This package is a customization and
automation of the commercial system with added fea-
tures which provide a great deal of flexibility for data
reduction. Functions currently available for data mas-
saging include Combine, Smooth, Baseline Subtract,
Centroid, Save, and Print (Figure 2), which mimic the
Micromass MassLynx process functions. Each function
is represented in the parent window by a dragable child
window. The order in which the functions are imple-
mented is determined by the position of the child
windows in the parent window, going from the child
window on the top to the child window at the bottom.
These functions can be run in any order, repeated as
many times as desired, and can easily be modified to fit
the format of the acquired data. Additional functions
can also be easily added when desired. A feature of
Combine is the automatic computation of the back-
ground multiplication factor for subtracting the back-
ground from the sample data. This module can process
previously acquired data files in the background during
data acquisition of the current sample, or off-line in a
batch processing mode. Additional features of the soft-
ware include the addition, subtraction, and correlation
of a reference spectrum to that of the processed spec-
trum.
Data interpretation module. This package is designed
for ESI and APCI data and requires the submitting
chemist to supply the necessary sample information
such as the predicted molecular weight and molecular
formula. It assumes that the ions generated are molec-
ular ions from predicted products, byproducts, reac-
tants, reagents, contaminants, and possible fragmenta-
tions. The program compares the nominal m/z values
and isotopic distributions (calculated by IsoPro 3.0 [12])
of the predicted and observed molecular ions, correlates
observed ions with possible artifact, polymer, cluster,
Figure 1. Schematic diagram of the hardware, software, and
network used in the e-mailing system used for automatic delivery
of acquired mass spectral data. A detailed description of the
hardware and each of the software packages (indicated in italics)
is described in the Experimental section.
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byproduct, and fragmentation ions, and also scores the
quality of the spectrum using the ion currents of the
predicted products relative to the total ion current.
E-mailing and displaying module. This package trans-
mits, in text format, the mass and intensity values of the
processed spectrum, as well as a report of the inter-
preted ions to the desktop computer (PC or Macintosh)
of the submitting chemist where the spectrum can be
displayed/magnified and the report viewed in the
Microsoft Excel environment. Each text file is less than
5 kilobytes compared to the 1.4 megabytes of the raw
data file from the mass spectrometer.
Results and Discussion
The data massaging, interpretation, and e-mailing mod-
ules have been in active use for some time by synthetic,
combinatorial, natural products, and drug screening
chemists. A considerable reduction in sample turn-
around time has been achieved and the daily mainte-
nance of the open-access mass spectrometer has also
been simplified. The actual time saved by the submit-
ting chemists is even greater because they no longer
have to travel to the mass spectrometry laboratory to
pick up printed spectra. They also spend much less time
interpreting the spectra because a scored spectrum with
interpretation is supplied. The details of the data mas-
saging, interpretation, and e-mailing modules are dis-
cussed below.
Data Massaging and Batch Processing
The data massaging package can operate in the open
access mode where the data are processed for every
acquisition or in a batch processing mode where data
are processed for a series of acquisitions. The typical
order of data massaging is Combine, Median Smooth,
Binary Smooth, Baseline Subtract, Save (profile data),
Centroid, Save (centroid data), and Print. A unique
feature of this processing is the repeated smoothing to
reduce noise spikes and white noise as well as the
saving of both the raw and centroided data. The Com-
bine command was designed to automatically compute
the background multiplication factor used to normalize
the background spectrum with the sample spectrum
when subtracting the background from the sample
data. (The Combine window is illustrated in the ex-
ploded panel of Figure 2.) Typically in our experiments
scans 1 through 3 contain only background information
while scans 4 through 9 contain both sample and
background information. Up to eight narrow mass
ranges of the spectra can be user selected which are
expected to contain background, viz., carrier solvent
ions, instrument artifact ions, and background ions
from previous samples. For each of the respective
narrow mass ranges, average ion intensities are sepa-
rately computed for the sample and background scans
and the ratio of the two values calculated. Generally the
largest ratio is chosen to be the background multiplica-
tion factor for the subtraction of the background from
Figure 2. Screenshot of the versatile Data Massaging Module described in detail in the Experimental
section. This window operates in the open access and batch processing modes and is used to reduce
the acquired spectra for a sample introduced in the flow injection mode to a centroided mass
spectrum. The data processing modules and their order of analysis are illustrated. The details of the
Combine module are exploded. By dragging the child windows, the order of the data processing
modules can be rearranged.
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the sample spectrum. Often an additional factor, re-
ferred to as the nudge factor, is added to the multipli-
cation factor in order to maximally suppress the back-
ground over the whole mass range.
Comparison of Spectra
The spectra comparison package contains a number of
routines for relating the processed raw mass spectrum
(sample spectrum) with a reference spectrum (back-
ground spectrum) for subtraction, addition, and/or
correlation (multiplication) of the two spectra. A com-
mon software feature of these processes is the align-
ment of the m/z axes of the sample and background
(reference) spectra. A normalization multiplication fac-
tor is determined for the background spectrum relative
to the sample spectrum, when desired, for the subtrac-
tion and multiplication of spectra. Figure 3 is a flow
diagram summarizing the spectra comparison software.
The spectral subtraction routines are often used to
remove protein and solvent/buffer contributions from
spectra when screening for small molecules and the
correlation routines are often used to correlate a refer-
ence mixture spectrum with that of an unknown mix-
ture to identify the presence of unknown components.
A correlation factor is computed for the correlated
spectra. The spectra comparison package can be applied
to both centroided and raw data.
Baseline Thresholding
Before spectral interpretation of the centroided mass
spectrum, as described in the sections below, the noise
in the spectrum is further filtered by setting an intensity
threshold. Ions with intensities below the threshold are
not analyzed. The threshold can be selected to be an
absolute ion current value (useful for weak spectra), a
relative intensity value (useful for strong spectra), or the
larger value of either an absolute ion current value or a
relative intensity value, expressed as an ion current
value (useful for processing batches of both weak and
strong spectra).
Average Ratio Method for Calculating Nominal
Mass
Calculations and interpretations related to the m/z val-
ues are principally performed using the computed
nominal masses of the observed ions. The nominal
masses are calculated and therefore the necessity of
monitoring the mass defects of the ions and the errors of
the experimental masses due to calibration drift, which
are tedious and time consuming processes, have been
eliminated, thereby, simplifying all calculations dealing
with m/z values.
The nominal mass algorithm was designed to con-
vert an experimental mass (reported to at least one
decimal place) to its nominal mass, both accurately and
conveniently. The assumption was made that the exper-
imental mass defect, representing the combination of
the experimental mass error and the true mass defect,
systematically changes across the whole mass range of
the spectrum. The algorithm is a modified form of the
Hites–Biemann Algorithm [13, 14] in that a running
average mass ratio is used to determine the nominal
masses. After all experimental masses (Mi) with inten-
sities above a threshold are determined, the first six
experimental mass values are selected starting from m/z
200 in increasing m/z order. The calculations are initi-
ated in the m/z 200 to 300 range because generally
experimental mass defects are small in this range, and
consequently, the conversions to nominal masses are
most accurate. The initialization step is to compute the
nominal mass values (Ni) for the first six experimental
mass values (Mi) by directly rounding them off to the
closest integer,
Ni 5 Integer~Mi! (1)
where i 5 1– 6. The first running average mass ratio
between nominal mass ions and their respective exper-
imental masses, D1–6, is defined as
Figure 3. Flow chart of the Spectra Comparison Algorithm used
for the comparison of spectra, viz., the subtraction, addition, and
correlation (multiplication) of a reference spectrum with the
acquired mass spectrum.
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D1– 6 5 S O
i51
6 Ni
Mi
DY6 (2)
and is calculated. An average over six mass data points
is computed to minimize any fluctuations in D during
the running average. In general, as the measured mass
Mi increases (eq 2), the mass defect should increase,
effectively generating smaller D values with increasing
m/z. Then the 7th nominal mass is calculated as
N7 5 Integer~D1– 6 p M7! (3)
The running average mass ratio is recalculated as
D2–7 5 S O
i52
7 Ni
Mi
DY6 (4)
and the 8th nominal mass becomes
N8 5 Integer~D2–7 p M8! (5)
This procedure is repeated until all experimental
masses above m/z 200 have been converted to their
nominal masses. For converting experimental masses
below m/z 200 to nominal masses, the procedure is the
same as described above except it is performed in
decreasing m/z order.
When no ions are observed or recorded below m/z
300, the initialization step begins where ions were first
recorded. In such cases, eq 6 is substituted for the
initialization equation 1
Ni 5 Integer~Dest p Mi! (6)
where i 5 1– 6 and Dest is estimated from the D values
generally observed in the corresponding mass range
acquired under similar calibration conditions.
Again, the underlying assumptions in the nominal
mass calculations are that most of the ions observed in
the pharmaceutical samples studied are singly charged
and that the mass defects systematically vary as a
function of increasing mass. Occasionally, however,
these conditions are not met when multiply charged
ions are present and when the sample consists of
components with significantly different mass defects.
Under these conditions, prior to applying the running
average ratio calculation, ions with mass defects unlike
the ions in the local mass region are identified (flagged)
and eliminated from the running average ratio calcula-
tion. These ions are often found to be doubly charged
ions with odd molecular weights in the region of from
m/z 100 to 500.
Mass Spectrum Interpretation Algorithm for
Predicted Products (Knowns)
The computed nominal masses for the ions appearing in
the ESI and APCI mass spectra are used for the inter-
pretation of the spectra. From the input data for each
sample, which consist of proposed MW and molecular
formula for each of the desired products, starting ma-
terials used, reagents used, and expected byproducts
and fragmentations, an interpretation algorithm was
developed to identify all the possible components that
may be present in the sample. From lengthy experience,
the ions observed in the ESI and APCI mass spectra
were found to fall into four categories: molecular ions
(Table 1), artifact ions (Table 2), polymer/cluster ions
(Table 3), and possible byproduct/fragmentation ions
(Table 4). These tables were compiled based upon
commonly observed ions detected at our facility and
can be easily edited and customized. Efficient algo-
rithms were written to match the observed nominal
mass ions in the spectra with the nominal masses in
each of the Tables. A report for all the matched ions and
their possible assignments is generated which also
includes scores for the quality of the overall spectrum.
The details of these algorithms are discussed below. A
flow diagram for these algorithms to interpret knowns
is illustrated in Figure 4.
The first calculations performed utilize the proposed
MWs and molecular formulas of the desired products.
(More than one desired product can be indicated which
is useful for mixture analysis.) A sequential search is
repeatedly performed to find the nominal masses of the
observed ions which match the nominal masses of the
predicted molecular ions. This search is based on the
MWs, supplied by the submitting chemist, as well as the
MWs of all the possible molecular ion adducts listed in
the Molecular Ion Lookup Table (Table 1), which in-
cludes singly charged species, such as [M 1 H]11,
[M 1 Na]11, [M 1 NH4]
11, [M 1 K]11, etc., multiply
charged species as well as dimer molecular ion adducts.
For each identified molecular ion, a weight is assigned
(Table 1) which is multiplied with the corresponding
ion current to produce the net ion current. All other ions
have a weight of 1. In addition, the isotopic distribu-
tions of the observed molecular ions are fitted to the
theoretical isotopic distributions for the predicted mo-
lecular formulas by a least squares fitting method. If a
“good fit” is obtained, an additional weight is assigned
to the ion currents for the observed molecular ions. The
least squares fitting procedure minimizes the squares in
the deviations (d) between the observed ion intensities
(I) and the theoretical ion intensities (T) for each of the
components j in the isotopic distribution
d2 5 O
j
~Ij 2 aTj!
2 (7)
where a is a coefficient for fitting the theoretical to the
observed isotopic distributions. The errors are mini-
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mized by setting the differential of d2 with respect a to
zero. Solving the equation for a, we obtain
a 5
O
j
IjTj
O
j
Tj
2 (8)
The “goodness of fit” between the observed and pre-
dicted isotopic distributions, V, is defined as
V~%! 5 31 2 ˛Oj ~a21Ij 2 Tj!2O
j
Tj
2 4 3 100 (9)
where the second term in the square bracket is a
measure of the average relative error for the observed
ion intensities relative to the predicted ion intensities.
Note that for the purposes of these calculations, the V
values are calculated relative to the theoretical isotopic
distributions because we wish to know whether the
experimental values match the theoretical values. The
fitting of the experimentally observed isotopic distribu-
tions to the predicted intensities is limited in our
experiments to singly charged species because the res-
olution necessary to resolve multiply charged ions is
not routinely achieved with the present instrumenta-
tion. When V . 90%, a “good fit” is obtained and an
additional weight of 2.0 is then assigned to each of the
peaks in the distribution. Finally, the intensity of the
monoisotopic peak is replaced by the sum of the inten-
sities of the peaks in the distribution and the nonmo-
noisotopic peaks of the distribution are removed.
The next step is to transform the spectrum to display
only monoisotopic peaks with intensities corresponding
approximately to the sum of the intensities of their
distributions. This simplification of the spectrum mini-
mizes the false identification of peaks which could
actually be nonmonoisotopic masses. The transforma-
tion of the spectrum to a new monoisotopic mass
spectrum is accomplished by use of a three point
running maximum search of the peak intensities. The
procedure is initialized by placing peaks of zero inten-
Table 1. Molecular ion peaks often observed in open access ESI and APCI mass spectra
1. Positive ion mode 2. Negative ion mode
Ion namea Charge Ion massa Weightb Ion namea Charge Ion massa Weightb
M 1 3H 13 M/3 1 1 1.5 M 2 3H 23 M/3 2 1 1.0
M 1 2H 1 Na 13 M/3 1 8.3 (25/3) 1.0 M 2 2H 22 M/2 2 1 1.5
M 1 H 1 2Na 13 M/3 1 15.7 (47/3) 1.0 M 2 H 21 M 2 1 2.0
M 1 3Na 13 M/3 1 23 1.0 M12[ f 21 M 2.0
M 1 2H 12 M/2 1 1 1.5 M 1 Na 2 2H 21 M 1 21 1.5
M 1 H 1 NH4 12 M/2 1 9.5 1.0 M 1 Cl 21 M 1 35 1.5
M 1 H 1 Na 12 M/2 1 12 1.0 M 1 K 2 2H 21 M 1 37 1.5
M 1 H 1 K 12 M/2 1 20 1.0 M 1 FA 2 H 21 M 1 45 2.0
M 1 ACN 1 2Hc 12 M/2 1 21.5 1.5 M 1 HAc 2 H 21 M 1 59 1.0
M 1 2Na 12 M/2 1 23 1.0 M 1 Br 21 M 1 79 1.0
M 1 2ACN 1 2Hc 12 M/2 1 42 1.5 M 1 TFA 2 H 21 M 1 113 2.0
M 1 3ACN 1 2Hc 12 M/2 1 62.5 1.5 2M 2 H 21 2M 2 1 1.5
M11[ d 11 M 2.0 2M 1 FA 2 H 21 2M 1 45 1.5
M 1 H 11 M 1 1 2.0 2M 1 HAc 2 H 21 2M 1 59 1.0
M 1 NH4 11 M 1 18 2.0 3M 2 H 21 3M 2 1 1.0
M 1 Na 11 M 1 23 2.0
M 1 K 11 M 1 39 2.0
M 1 CH3OH 1 H 11 M 1 33 1.0
M 1 ACN 1 H 11 M 1 42 2.0
M 1 ACN 1 Na 11 M 1 64 2.0
M 1 DMSO 1 H 11 M 1 79 2.0
M 1 2ACN 1 H 11 M 1 83 2.0
2M 1 H 11 2M 1 1 1.5
2M 1 NH4 11 2M 1 18 1.5
2M 1 Na 11 2M 1 23 1.5
2M 1 K 11 2M 1 39 1.5
2M 1 ACN 1 H 11 2M 1 42 1.0
2M 1 ACN 1 Na 11 2M 1 64 1.0
2M 1 3H2O 1 2H
c,e 12 M 1 28 1.0
aM is the MW, ACN is acetonitrile, DMSO is dimethylsulfoxide, FA is formic acid, HAc is acetic acid, TFA is trifluoroacetic acid.
bUsed for scoring, see text.
cObserved with high source pressures.
dObserved for quaternary amines and sulfonium salts.
eObserved with sulfonyl amides RSO2NHR9.
fObserved for nitro compounds and quinones in APCI.
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sity at the beginning of the spectrum and wherever
gaps between peaks in the spectrum are greater than 1.8
Da. The three point maximum search scans every three
consecutive data points in the spectrum in the direction
of low to high mass. Whenever the second point is
found to be the intensity maximum in the three point
run, add the intensity of the third point to that of the
second point and flag the third point. If the second
point is not a maximum, flag it and continue the three
point analysis process until all the peaks in the spec-
Table 2. Artifact peaks often observed in open access ESI and APCI mass spectra
1. Positive ion mode
Ion mass Ion name
M 1 H [molecular weight 1 H]11 of byproducts/fragmentations (see Table 4), reactants, and reagents
59 ACN 1 NH4
11
64 ACN 1 Na11
74 dimethyl formamide 1 H, diethyl amine 1 H11
79 DMSO 1 H11
83 2ACN 1 H11
85 DMSO-d6 1 H
11
88 ACN 1 Formic Acid 1 H11
101 DMSO 1 Na11
102 triethylamine 1 H11
104, 106 ACN 1 Cu11 (intensity ratio 2:1)
105 2ACN 1 Na11
115 ACN 1 dimethyl formamide 1 H11
120 ACN 1 DMSO 1 H11
122 tris, tris(hydroxymethyl)aminomethane 1 H11
130 diisopropylethyl amine (DIPEA) 1 H11
137 DMSO 1 ACN 1 NH4
11
146 3ACN 1 Na11
150 phenyldiethylamine 1 H11
157 2DMSO 1 H11
159 NaTFA 1 Na11
167 diphenylmethane carbonium ion
169 2DMSO-d6 1 H
11
179 2DMSO 1 Na11
186 tributylamine 1 H11
214 unknown surfactant?, N-butyl benzenesulfonamide?
225 dicyclohexane urea 1 H11 (from coupling agent dicyclohexyl carbodiimide [MW 206])
231 from rubber tip of disposable syringe plunger, 214 1 NH3
11
242 tetrabutylammonium ion
243 triphenylmethane carbonium ion
267 tributylphosphate 1 H11
272 231 1 ACN
279 triphenylphosphine oxide 1 H11, dibutylphthalate 1 H11
282 plasticizer in polyethylene
336 tributyl tin formate 1 H11
371 plasticizer
391 dioctylphthalate 1 H11
522 from rubber tip of disposable syringe plunger
538 peak due to high concentration of HAc
550 from rubber tip of disposable syringe plunger
598 peak due to high concentration of HAc
2. Negative ion mode
Ion mass Ion name
M 2 H [molecular weight 2 H]12 of byproducts/fragmentations (see Table 4), reactants, and reagents
26 CN12, from acetonitrile
45 FA12
59 Ac12
79 PO3
12, phosphate from phosphoric acid, oligonucleotides, phosphopeptides
80 SO3
12, sulfate from sulfuric acid, sulfated materials
95 CH3SO3
12, methanesulfonate
97 HSO4
12, H2PO4
12
113 TFA12, [formic acid dimer 1 Na 2 2H]12
212 unknown surfactant?, N-butyl benzenesulfonamide?
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trum are evaluated. Finally, rescan the spectrum and
remove all flagged peaks. One additional enhancement
of this algorithm is to copy peaks that are within 610%
of the intensities of the maximum in the three peak run.
This procedure effectively produces a monoisotopic
spectrum for samples with MW’s less than ;Da.
The final steps are to analyze and interpret the
monoisotopic spectrum. After all the molecular ion
adduct peaks are matched (Table 1), as described above,
the search continues to match the nominal masses of the
artifact peaks (Table 2), the polymer/cluster peaks
(Table 3), and possible byproduct/fragmentation peaks
(Table 4). Peaks in the spectrum that match the values in
the Tables are flagged. As the matching process pro-
ceeds from Table 1 to 4, flagged peaks are only inter-
preted once. The order in which the Tables are analyzed
are from highest to lowest priority. The Lookup Tables
can be easily customized for individual instruments,
experiments, and samples. A match is accepted as a
polymer/cluster peak only when three or more succes-
sive nominal mass peaks, above an ion intensity thresh-
old, match the predicted values for the mass spacing
between peaks.
Finally, the quality of the spectrum is scored based
upon the identified and unidentified peaks in the spec-
trum, as well as any additional weights assigned to the
identified peaks. Each of the peaks in the mass spec-
trum corresponds to an ion current. The sum of all the
ion currents corresponds to the total ion current (TIC)
for the spectrum. The TIC is subdivided into contribu-
tions from parent ion currents (PIC), artifact ion cur-
rents (AIC), polymer/cluster ion currents (CIC), by-
product/fragmentation ion currents (BIC), and ion
currents from all the remaining uninterpreted ions. Two
types of quality scores have been defined. One is
referred to as the Molecular Ion Score which measures
the weighted total ion current for all molecular ions
after removing all identified artifact, polymer/cluster,
and byproduct/fragmentation ions from the total ion
current. This is a measure of the effectiveness of the
Table 3. Polymer/cluster peaks often observed in open access ESI and APCI mass spectra
1. Positive ion mode
Ion series mass Ion series name
Peaks 18 Da apart Water clusters
Peaks 32 Da apart Methanol clusters
Peaks 41 Da apart Acetonitrile clusters
Peaks 44 Da apart PEG related components
Peaks 50 Da apart Perfluoro (CF2) compounds
Peaks 53 Da apart NH4Cl salts
Peaks 58 Da apart PPG related components, NaCl adducts
Peaks 63 Da apart NH4FA salts
Peaks 68 Da apart NaFA salts
Peaks 72 Da apart Replacement of –OH by –OSi(CH3)3
Peaks 74 Da apart KCl adducts, Si(CH3)2O from silicone rubber polymer
Peaks 77 Da apart NH4Ac salts
Peaks 78 Da apart DMSO adducts
Peaks 82 Da apart NaAc adducts
Peaks 84 Da apart DMSO-d6 adducts
Peaks 136 Da apart NaTFA adducts
Peaks 162 Da apart Polysaccharides
Series of peaks: 79, 157, 235 From nDMSO 1 H11
Series of peaks: 85, 163, 241 From nDMSO-d6 1 H
11
Series of peaks: 101, 179, 257 From nDMSO 1 Na11
Series of peaks: 107, 185, 263 From nDMSO-d6 1 Na
11
Series of peaks: 231, 522, 550 From rubber tip of disposable syringe plunger
Series of peaks: 267, 289, 330 From tributylphosphate: 1H11, 1H2O 1 H
11, 1H2O 1 ACN 1 H
11
Series of peaks: 355, 429, 503, 593, 667, 741, 815 Silicone rubber polymer
2. Negative ion mode
Ion series mass Ion series name
Peaks 18 Da apart Water clusters
Peaks 50 Da apart Perfluoro (CF2) compounds
Peaks 68 Da apart NaFA adducts
Peaks 74 Da apart Si(CH3)2O from silicone rubber polymer
Peaks 82 Da apart NaAc adducts
Peaks 114 Da apart TFA adducts
Peaks 122 Da apart NaClO4 adducts
Peaks 136 Da apart NaTFA adducts
Peaks 288 Da apart Na dodecylsulfate (SDS) adducts
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Table 4. Byproduct/fragmentation peaks (M 6 H 6 X) often observed in open access ESI and APCI mass spectra
Compound class Mass change (X) Elemental changeb
Hydrocarbon chain length 614 6CH2
628 6C2H4
642 6C3H6
656 6C4H8
CHNO compounds 61 6OH 7 NH2
62 62H
614 6O 7 2H
616 6O
617 6NH3
618 6H2O
632 62O
233 2NH2OH
a
641 6CONH
642 6COCH2
644 6CO2
658 6CO2CH2
Salt adducts 617 6NH4 7 H
622 6Na 7 H
638 6K 7 H
65 6Na 7 NH4
616 6K 7 Na
621 6K 7 NH4
15 1Na 2 H2O
16 1Na 2 NH3
121 1K 2 H2O
122 1K 2 NH3
Acetone 158 Condensation
140 Condensation/dehydration
Sulfur/phosphorous compounds 616 6S 7 O
632 6S
634 6H2S
648 6SO
664 6SO2
680 6SO3, HPO3
698 6H2SO4, H3PO4
Nitro compounds 630 6NO2 7 NH2,
2NO
645 6NO2 7 H
Nitrile compounds 119 2CN 1 COOH
625 6CN 7 H
627 6HCN
138 22CN 1 2COOH
Sugar/metabolism compounds 6162 6(Sugar [glucose/fructose] 2 H2O)
6180 6Sugar [glucose/fructose]
6176 6(Glucuronic acid 2 H2O)
6194 6Glucuronic acid
1289 1Glutathione 2 H2O
1305 1Glutathione 1 O 2 H2O
6307 6Glutathione
6324 6(Sucrose 2 H2O)
6342 6Sucrose
Halogen exchanges 618 6F 7 H
634 6Cl 7 H
678 6Br 7 H
6126 6I 7 H
22 2F 1 OH
218 2Cl 1 OH
262 2Br 1 OH
2110 2I 1 OH
244 2Br 1 Cl
292 2I 1 Cl
77 6F 7 CN
69 6Cl 7 CN
653 6Br 7 CN
6101 6I 7 CN
aLoss from hydroxmic acids.
bFor this paper 6X 7 Y means only 1X 2 Y and 2X 1 Y.
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synthesis in producing the desired product and is
defined as
Molecular Ion Score ~%! 5
PIC 3 100
TIC 2 AIC 2 CIC 2 BIC
(10)
The second quality score is referred to as the Mass
Spectral Purity Score and is simply the unweighted total
ion current of all the observed parent (molecular) ions
(PIC) divided by the unweighted total ion current (TIC)
Mass Spectral Purity Score ~%! 5
PIC 3 100
TIC
(11)
The Molecular Ion Score addresses the issue “Were the
desired products made?” while the Mass Spectral Pu-
rity Score addresses the issue “How pure were the
desired products?” Currently, when a score is greater
than 50% for synthetic, combinatorial, and natural
products or greater than 10% for screening products,
the spectrum is considered to be “consistent,” otherwise
the spectrum is considered to be “inconsistent” with the
predicted products and the data are interpreted manually.
Mass Spectrum Interpretation Algorithm for the
Determination of the Molecular Weights of
“Unknown” Components
Because molecular ions are assumed to be produced
principally by ESI and APCI, it should be possible to
use the analysis software described above for knowns
to predict the most prominent molecular ions of sam-
ples submitted without proposed molecular weights.
This is achieved by running the interpretation algo-
rithm in a different order with some additional modi-
fications. The procedures used to interpret an unknown
spectrum are as follows: search for and identify chlorine
and bromine (halogen) containing distributions, iden-
tify all monoisotopic peaks and convert the spectrum to
a monoisotopic spectrum, identify all polymer/cluster
peaks (using Table 3), determine the most likely MW’s
of the remaining ions when considered as possibly
[M 1 H]11, [M9 1 NH4]
11, and [M0 1 Na]11 for posi-
tive ions and [M 2 H]12 for negative ions (using Table
1), and finally correlate the remaining ions as artifact
ions (using Table 2). Using this procedure, the under-
lying assumption is that singly charged molecular ions
are present in the spectrum and that related multiply
charged ions will be identified correctly when applying
the proposed molecular weights to Table 1. A flow
diagram for the interpretation algorithm for unknowns
is illustrated in Figure 5.
The first step in the interpretation of unknowns is to
identify the presence of singly charged halogen contain-
ing distributions. This is accomplished by using a
pattern recognition approach where each of the theo-
retical halogen distributions, Clx, Brx, and ClyBrz, are
slid across the spectrum. (The maximum values calcu-
lated for x, y, and z are 4, 3, and 2, respectively.) In the
theoretical and experimental isotopic distributions, the
relative intensities of the A 1 n peaks, where n is odd,
were set to zero percent. For each halogen distribution,
the “goodness of fit” parameter V(%) (eq 9) is calculated
for each step as the theoretical distribution is run
through the data. The maximum value greater than 75%
is retained and the corresponding distribution is con-
sidered the best halogen fit. (This isotopic distribution
calculation for halogens present in unknowns mimics
the isotopic distribution calculation for knowns when
the molecular formula and molecular weight are pre-
dicted.) For each identified halogen distribution with
V . 75%, the intensity of the monoisotopic peak is
replaced by the sum of the intensities of the distribution
and the nonmonoisotopic peaks of the distribution are
removed.
After the monoisotopic spectrum is generated using
the three point running maximum search, as described
above, the final steps are to analyze and interpret the
monoisotopic spectrum. The order of interpretation is
as follows (from highest to lowest priority components):
polymer/cluster peaks (using Table 3), remaining peaks
above a given threshold including the identified halo-
gen containing peaks as molecular ion adduct peaks
Figure 4. Flow chart of the Mass Spectrum Interpretation Algo-
rithm for Predicted Synthetic Products (Knowns). All ions in the
mass spectrum are correlated to the ions appearing in the Lookup
Tables for Molecular Adduct Ions (Table 1), Artifact Ions (Table 2),
Polymer/Cluster Ions (Table 3), and Byproduct/Fragmentation
Ions (Table 4).
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(using Table 1) and finally artifact peaks (using Table 2).
After an interpretation is proposed for a peak or a series
of peaks, the peak(s) can be removed from the monoiso-
topic spectrum, thereby simplifying the spectrum as the
interpretation proceeds. Generally, we only remove the
polymer/cluster peaks from the monoisotopic mass
spectrum. The procedure for analyzing ions using Table
1 is as follows. Each of the positive ions in the spectrum
are assumed to be [M 1 H]11, [M9 1 NH4]
11, and
[M0 1 Na]11 and the negative ions are assumed to be
[M 2 H]12. The predicted molecular weights are com-
puted for each assumed ion and are fed into the
Molecular Ion Lookup Table (Table 1). All the possible
ions computed from Table 1 are matched with the ions
appearing in the monoisotopic mass spectrum and the
Molecular Ion Score (eq 10) is computed for each
predicted molecular weight. The results for each ion are
sorted by Molecular Ion Score and the predicted molec-
ular weight with the highest score retained. This pro-
cess is repeated for all ions in the spectrum. Because it
is possible that an ion may have a variety of interpre-
tations, the molecular weight associated with the ion
having the highest Molecular Ion Score is generally the
most likely interpretation and is retained. In the event
the scores for an ion are identical for a variety of
assignments, e.g., in the positive ion mode the assign-
ments could be [M 1 H]11, [M9 1 NH4]
11, or [M0 1
Na]11, the selected assignment is generally chosen in
the order [M 1 H]11, then [M0 1 Na]11, and finally
[M9 1 NH4]
11.
Examples of Applications of the Interpretation
Algorithms for Knowns and Unknowns
The interpretation algorithms for the analysis of
knowns and unknowns will now be applied to two
different mixtures to illustrate the results obtained and
the usefulness of automatic interpretation. The data
system can generate an interpretation for a spectrum
typically within 3 s.
Figure 6A illustrates the ESI mass spectrum obtained
in the negative ion mode for a mixture of the haloge-
nated pharmaceuticals chlorothiazide [MW 295], dibro-
motyrosine [MW 337], and dicloxacillin [MW 469]. The
interpretation report when treating the mixture as a
known is illustrated in Figure 6B. Included in the report
is the observed TIC for the mixture, base peak, and
maximum ion current. The molecular formula pre-
dicted by the submitting chemist for each component is
indicated together with the observed m/z value for each
(M 2 H)12 ion with its corresponding relative intensity,
abundance, and the “goodness of fit” between the
observed and predicted isotopic distributions (Isotope
Fit, V). The isotope fits greater than 90% are consistent
with the predicted distributions. A number of ions were
observed with m/z values which coincide as formic acid
adducts but the isotopic distributions were not consis-
tent (V , 90%). Because this sample is a mixture, the
Molecular Ion Score and the Mass Spectral Purity Score
are much lower than for pure single components
(,90%). Illustrated in Figure 6C is the interpretation
report when treating the mixture as an unknown. All
three MW’s for the halogenated pharmaceuticals are
identified and the correct halogen distributions were
observed (Isotope Fit [V] . 90%). Only the formic acid
adduct for dicloxacillin was identified. Also identified
is the heterodimer of dibromotyrosine and dicloxacillin
(MW 806) with the correct halogen distribution of
Cl2Br2. The homodimer of dibromotyrosine (distribu-
tion centered at m/z 676.7) was not identified correctly
since the monoisotopic [M 2 H]12 parent ion at m/z 672.5
was below the threshold of analysis and because the
Isotope Fit for Br4 was lower than the corresponding value
Figure 5. Flow chart of the Mass Spectrum Interpretation Algo-
rithm for the Determination of the Molecular Weights of “Un-
known” Components. All ions in the mass spectrum are correlated
to the ions appearing in the Lookup Tables for Polymer/Cluster
Ions (Table 3), Molecular Adduct Ions (Table 1), and Artifact Ions
(Table 2).
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for Cl3Br. Note that the distributions of these two halogen
elemental formulas, Cl3Br and Br4, are nearly identical and
difficult to differentiate especially when the monoisotopic
parent ion for the Br4 distribution is very weak.
Figure 7A illustrates the ESI mass spectrum obtained
in the positive ion mode for reserpine [MW 608] adul-
terated with polyethylene glycol [PEG, MW 400], dioc-
tylphthalate [DOP, MW 390], NH4OH, NaI, and KI. This
spectrum mimics a highly contaminated sample of
reserpine. The interpretation report when treating the
sample as a known (reserpine) is illustrated in Figure
7B. Included in the report are the observed TIC, base
peak, and maximum ion current. The predicted molec-
ular formula for reserpine is indicated together with the
observed m/z value for the (M 1 H)11 ion with its
corresponding relative intensity, abundance, and con-
sistent isotope fit (V 5 98%). Using Table 1, a very
weak peak corresponding to the doubly charged reser-
Figure 6. Example (1) of an e-mailed spectrum and interpretation reports. (A) ESI mass spectrum
obtained in the negative ion mode for a mixture of the halogenated pharmaceuticals chlorothiazide
[MW 295], dibromotyrosine [MW 337], and dicloxacillin [MW 469]. (B) Interpretation report when
treating the mixture of halogenated pharmaceuticals as a known. (C) Interpretation report when
treating the mixture of halogenated pharmaceuticals as an unknown. The values in the square brackets
are the correct answers for the halogen distribution centered about m/z 676.7. See the detailed
discussion for this figure in the text.
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pine ion (m/z 305.4) was identified, and using Table 2,
dioctylphthalate was identified. Using Table 3, four
polymer/cluster series of PEG were identified corre-
sponding respectively to proton, ammonium, sodium,
and potassium ion adducts of PEG. The Molecular Ion
Score and the Mass Spectral Purity Score are low for
reserpine because it is a contaminated sample. Illus-
trated in Figure 7C is the interpretation report when
treating the sample as an unknown. No halogenated
distributions were identified. The spectrum was then
reduced to a monoisotopic spectrum and analyzed. The
first step was to identify the presence of the PEG
polymer/cluster series (Table 3). Four series were iden-
tified, as described above, but some ions are absent
relative to the known interpretation because they were
removed as nonmonoisotopic peaks. The remaining
ions were then correlated and analyzed using Table 1.
Components with MW’s of 390, 608, and 998 were
identified. Finally, using Table 2, the ion with m/z 391
was identified as DOP, corresponding to the series of
five adduct ions (m/z 391, 413, 798, 903, 819) with the
parent MW of 390. Reserpine corresponds to the com-
ponent with MW 608 and the component with MW 998
corresponds to the heterodimer of reserpine and DOP.
Figure 7. Example (2) of an e-mailed spectrum and interpretation reports. (A) ESI mass spectrum
obtained in the positive ion mode for reserpine [MW 608] adulterated with polyethylene glycol [PEG,
MW 400], dioctylphthalate [DOP, MW 390], NH4OH, NaI, and KI. This spectrum mimics a highly
contaminated sample of reserpine. (B) Interpretation report when treating the sample as a known
(reserpine). (C) Interpretation report when treating the mixture as an unknown. See the detailed
discussion for this figure in the text.
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Batch Reports
The full mass spectral interpretation reports can be
further reduced to a single line summary report con-
taining sample input information, the quality scores for
the samples, and the “consistency” of the spectra. In this
way, a large amount of mass spectral data can be
reduced to a simple spreadsheet. This is very useful for
writing interpretive daily reports for open access syn-
thetic samples and for large batches of samples typi-
cally submitted as combinatorial libraries for structural
confirmation or chemical libraries for drug screening.
Consequently, chemists can review the summary re-
ports very rapidly without having to study all the
spectral details and can select and correlate the data for
the samples of the greatest interest. Generally, synthetic
chemists pay special attention to those samples found to
be “inconsistent” so as to revise their synthetic proce-
dures and screening chemists pay special attention to
those samples found to be “consistent” because they
represent a potential pharmaceutical “hit” [15].
Conclusions
An automated high throughput MS data analysis
system was designed which combines new hardware
and software to augment existing commercial open
access mass spectrometers. This system for flow
injection analysis has largely reduced sample turn-
around times, considerably increased productivity,
and significantly facilitated the daily operation of the
commercial open access mass spectrometers. All the
improvements were achieved by developing straight-
forward algorithms for data reduction, signal-to-
noise enhancement, spectral correlation for predicted
and unknown structures, and e-mailing of the results
to customers. Automated interpretation of spectra
were comparable to manual interpretation with a
considerable saving in time by the analyst. Future
improvements to the system include advanced au-
tosamplers and mass spectrometers for higher sample
throughputs, the use of a less polar carrier solvent
between samples to cleanup residual sample from the
walls of the transfer lines and software enhancements
for the analysis of HPLC mass spectra and exact mass
data acquired on magnetic sector [16], FT/ICR (Fou-
rier transform/ion cyclotron resonance) [17], and
TOF (time-of-flight) mass spectrometers. In addition,
the Look-Up Tables (1– 4) can be easily customized
for specific applications, such as, for example, metab-
olism studies of radioactive and stable isotopes.
References
1. Spreen, R. C.; Schaffter, L. M. Anal. Chem. 1996, 68, 414A–
419A.
2. Taylor, L. C. E.; Johnson, R. L.; Raso, R. J. Am. Soc. Mass
Spectrom. 1995, 6, 387–393.
3. Pullen, F. S.; Perkins, G. L.; Burton, K. I.; Ware, R. S.; Teague,
M. S.; Kiplinger, J. P. J. Am. Soc. Mass Spectrom. 1995, 6,
394–399.
4. Whitney, J. L.; Kerns, E. H.; Rourick, R. A.; Hail, M. E.; Volk,
K. J.; Fink, S. W.; Lee, M. S. Pharm. Tech. 1998, May, 76–82.
5. Wilgus, R.; Geysen, M.; Wagner, D.; Schoenen, F.; Wagner, C.;
Bodnar, W. Proceedings of the American Society for Mass Spec-
trometry and Allied Topics, 45th ASMS Conference; Palm Springs,
CA, June 1–5, 1997; p 1255.
6. Vestal, C. H.; Li, L. Y. T.; Towle, M. H.; Kyanos, J. N.
Proceedings of the American Society for Mass Spectrometry and
Allied Topics, 45th ASMS Conference; Palm Springs, CA, June
1–5, 1997; p 1249.
7. Go¨rlach, E.; Richmond, R.; Lewis, I. Anal. Chem. 1998, 70, 3227.
8. Hegy, G.; Go¨rlach, E.; Richmond, R.; Bitch, F. Rapid Commun.
Mass Spectrom. 1996, 10, 1894–1900.
9. Richmond, R.; Go¨rlach, E.; Seifert, J. M. J. Chromatogr. A 1999,
835, 29–39.
10. Bean, M. F.; Hemling, M. E.; Ijames, C. F.; Johnson, W. P.;
Mentzer, M. A.; Quinn, C. J.; Burton, L.; Carr, S. A. Proceedings
of the American Society for Mass Spectrometry and Allied Topics,
46th ASMS Conference; Orlando, FL, May 31–June 4, 1998; p
1031.
11. Siegel, M. M.; Tabei, K.; Lambert, F.; Candela, L.; Zoltan, B.
J. Am. Soc. Mass Spectrom. 1998, 9, 1196–1203.
12. Senko, M. W. IsoPro 3.0: Isotope Simulator, http://members.a-
ol.com/msmssoft/.
13. Hites, R. A.; Biemann, K. Anal. Chem. 1967, 39, 965–970.
14. Chapman, J. R. Computers in Mass Spectrometry; Academic:
New York, 1978; pp 46–51.
15. Siegel, M. M.; Tabei, K.; Bebernitz, G. A.; Baum, E. Z. J. Mass
Spectrom. 1998, 33, 264–273.
16. Huang, N.; Siegel, M. M.; Muenster, H.; Weissenberg, K. J. Am.
Soc. Mass Spectrom. 1999, 10, 1212.
17. Huang, N.; Siegel, M. M.; Kruppa, G. H.; Laukien, F. H. J. Am.
Soc. Mass Spectrom. 1999, 10, 1166.
1187J Am Soc Mass Spectrom 1999, 10, 1174–1187 AUTOMATED DATA MASSAGING, INTERPRETATION, AND E-MAILING
